INTRODUCTION
Although some vertebrates, such as zebrafish, can regenerate the heart, heart regeneration in mammals is limited (1, 2) . Rather than regenerate, human cardiomyocytes undergo a maladaptive stress response commonly termed "pathologic remodeling," including fibrosis and scarring, that leads to heart failure, a leading killer worldwide (3, 4) . The mammalian heart has a transient regenerative capacity that terminates by postnatal day 7 (P7) in mice (5) . This observation has led to the idea that manipulating relevant genetic pathways can therapeutically enhance cardiomyocyte regeneration.
The Hippo signaling pathway is a kinase cascade that links changes in cellular density or mechanical stress to changes in cell proliferation (6) . In mammals, Hippo signaling limits heart size and inhibits cardiomyocyte proliferation during development and adult cardiac regeneration (7, 8) . The downstream Hippo effector Yes-associated protein (Yap) is a transcriptional cofactor that interacts with transcription factors such as Tead. When Hippo activity is high, Yap is phosphorylated by Lats and is excluded from the nucleus. When Hippo activity is low, such as during early heart development, Yap shuttles into the nucleus where it promotes cardiomyocyte proliferation (6) . Yap activity is regulated not only by Hippo kinases but also by mechanical signaling. In cells subjected to high amounts of mechanical stress, Yap is preferentially localized in the nucleus and promotes proliferation (9, 10) .
Hippo signaling inhibits adult cardiomyocyte regeneration through Yap. Hippo deficiency due to loss of function of the adaptor protein Salvador (Salv) promotes regeneration in mouse models of apex resection, neonatal myocardial infarction, and adult myocardial infarction (8) . Furthermore, overexpression of a constitutively active form of Yap in the myocardium also enhances regeneration in adult cardiomyocytes (11, 12) .
Here, we investigated Yap target genes in heart regeneration by performing chromatin immunoprecipitation sequencing (ChIP-Seq) analysis and mRNA expression profiling in Hippo-deficient hearts. Our data indicated that Yap directly regulates genes involved in cell cycle progression, genes that promote F-actin polymerization, and genes linking the actin cytoskeleton to the extracellular matrix (ECM).
RESULTS

Yap directly regulates genes encoding proteins that control cytoskeletal dynamics and cell proliferation
To identify direct transcriptional targets of Yap, we performed ChIP-Seq experiments in Salv conditional knockout (CKO) mutant mouse hearts at P8. We chose P8 because it is a nonregenerative stage in wild-type mouse hearts but is a regenerative stage in Hippo-deficient mouse hearts (8) . We predicted that, in P8 Hippo-deficient hearts, Yap binding would be enriched for genes that are directly involved in cardiac regeneration. We performed ChIP-Seq experiments with an anti-Yap antibody in dissected Salv CKO mouse hearts and generated libraries that were sequenced by using an Ion Torrent sequencer (13) . A total of 25 million Yap ChIP-Seq reads were evaluated with Homer software (14) . Motif analysis comparing Yap ChIP-Seq reads indicated that Tead-binding elements were among the most enriched peaks, which validated the specificity of the ChIP-Seq experiment (Fig. 1, A and B ). In addition, we performed mRNA expression profiling of P8 Salv CKO mouse hearts to analyze changes in gene expression in Hippo-deficient hearts ( fig. S1 ). We then compared differentially expressed genes to those in the Yap ChIP-Seq data sets to identify direct transcriptional targets of Yap. Overlay of the ChIP-Seq and mRNA expression profiling data sets revealed that Yap bound to 928 genes that showed increased expression (Fig. 1C) . From these data, we generated a list of Yap target genes that included three categories: cell cycle progression, cytoskeleton, and both cell cycle and cytoskeleton (Fig. 1, D to H) .
To further characterize productive Yap binding sites, we compared conserved Tead sites in our ChIP-Seq data to available DNase (deoxyribonuclease) hypersensitivity (DHS) and H3K27Ac data sets that mark enhancers (15) (16) (17) . Many Yap peaks from Hippo-deficient hearts were enriched in putative enhancer regions (15) in the cell cycle genes Lin9 and Aurora B kinase (Aurkb) and in genes encoding proteins that are involved in cytoskeletal remodeling and that link the cytoskeleton to the ECM, such as sarcoglycan d (Sgcd) and Ctnna3 (Fig. 2, A to E). Furthermore, comparison of a mouse heart H3K27Ac ChIP-Seq data set that marks enhancers with the Yap ChIP-Seq data set showed that Yap peaks from Hippo-deficient hearts were globally enriched in putative enhancer regions (15) (Fig. 2E) . We also performed high-throughput chromosome conformation capture (4C) analysis to define enhancer contact maps for Sgcd and Ctnna3 and compared those maps with the Yap ChIP-Seq data (Fig. 2, C and D) . 4C provides three-dimensional information about enhancer-promoter interactions and can help identify previously unknown enhancers (18, 19) . We noted that enhancer-promoter contact points for both genes included Yap ChIP-Seq peaks, further supporting the conclusion that Yap peaks were found in enhancer regions.
We used luciferase assays to validate the transcriptional activation of the genes mentioned above, as well as additional genes encoding cytoskeletal proteins (Actrt2, Pkp4, Enah, and Fmn2). A luciferase reporter gene was fused to amplified genomic regions containing conserved Yap ChIP-Seq peaks that aligned with DHS peaks and/or H3K27Ac peaks that also contained Tead-binding elements (15, 16) or that were also 4C contact points (Fig. 2, A to D) . These reporter constructs were activated in cells by Yap and Tead2 coexpression (Fig. 2, F and G) . Moreover, deletion of Tead elements resulted in the loss of enhancer activity in all genes, with the exception of Enah. It is possible that Enah has a poorly conserved Tead element that we failed to identify or that Yap may bind Enah by cooperating with a different DNA binding partner (Fig. 2 , F and G). Together, these data support the hypothesis that Yap directs the transcription of genes promoting cell cycle progression, genes that link the actin cytoskeleton to the ECM, and genes that remodel the actin cytoskeleton.
Yap target genes are preferentially expressed in the fetal heart
Analysis of human RNA-Seq data revealed that orthologs of most of our Yap target genes were more highly expressed in human fetal hearts than in adult hearts (17) (fig. S2 , A and B). Comparison of the human fetal RNASeq data with the genes that we found had increased expression in Salv CKO hearts indicated an enrichment for genes that encode cell cycle and cytoskeletal proteins ( fig. S2C ). In addition, genes encoding proteins typical of the adult heart, including lipid metabolism and muscle contraction proteins, had reduced expression in Salv CKO mouse hearts ( fig. S2D ). This is consistent with the findings that developing and early postnatal hearts rely on glycolytic metabolism rather than lipid oxidation and have an immature contractile apparatus (20) . We also compared our Yap target gene set to mRNA expression data from P4 rat cardiomyocytes overexpressing Yap. Almost all the Yap targets that we identified had higher mRNA expression in the Yap gain-of-function rat cardiomyocytes ( fig. S2E ) (21) . Analysis of DHS data sets from human fetal and adult hearts further supported the hypothesis that Yap binding sites are enriched in fetal heart genes (22, 23) . Motif analysis The density of Tead-binding motifs within a 500-base pair (bp) distance of the Yap ChIP-Seq peaks is shown. (C) Overlay of genes with increased expression in Salv CKO mouse hearts (total number = 1706 from two mice) and genes annotated from Yap ChIP-Seq peaks (total number = 10,396). (D) Gene ontology analysis of genes with increased expression in Salv CKO mouse hearts and with Yap binding peaks (total number = 928). Enriched terms were calculated by using overrepresentation statistics and measured by using z scores. (E) Heat map of Yap target genes identified by the overlay of microarray and Yap ChIP-Seq genes in the labeled categories. Heat maps show relative expression between Salv CKO and control mouse hearts. (F to H) Quantitative real-time PCR (qRT-PCR) validation of Yap target genes in P8 control (unshaded bar) and P8 Salv CKO (shaded bar) mouse hearts. n = 3 independent biological replicates. *P < 0.05; **P < 0.01; ***P < 0.001. of the human fetal and adult DHS data indicated that Tead elements were highly enriched in human fetal heart DHS peaks, along with recognition elements for other important cardiac development transcription factors such as Tbx and Mef2 ( fig. S3A ). Although Tead elements were enriched in human fetal heart DHS peaks, this was not the case for DHS peaks from human embryonic stem cells ( fig. S3B ). Tead elements were also found in DHS peaks from tissues such as the kidney and lung, indicating that Tead elements are not cardiac-specific ( fig. S3C ). Tead elements were enriched in fetal heart DHS peaks even for genes whose physical location was not conserved between humans and mice (Fgd4, Crebbp, and Mad2I1) ( fig. S3, D to F) . These data support the hypothesis that Yap and Tead enhance the expression of fetal cardiac genes.
Hippo-deficient adult cardiomyocytes are proliferative
We evaluated proliferation and apoptosis in adult and neonatal control and Salv CKO mutant mouse hearts after inducing myocardial infarction by left anterior descending artery occlusion (LADO; Fig. 3 ). Compared to controls, Salv CKO mutant mouse hearts showed an increased number of EdU (5′ethynyl-2′-deoxyuridine)-positive cardiomyocytes at 4, 10, and 15 days after myocardial infarction for adults (Fig. 3 , A to C) and 1 day after myocardial infarction for P8 neonatal hearts (Fig. 3C) . Notably, S-phase entry was induced by Hippo deficiency and not by injury, as shown by equivalent amounts of EdU incorporation in Hippo-deficient sham hearts and Hippo-deficient injured hearts (Fig. 3C) . The number of M-phase cardiomyocytes, as indicated by Aurora B kinase immunostaining, was higher in Hippo-deficient injured hearts than in Hippo-deficient sham hearts (Fig. 3, D to G) . These results suggest that Hippo-deficient hearts respond to injury by progressing through cytokinesis more efficiently than do Hippo-deficient sham hearts.
The number of apoptotic cells in the myocardium was similar between control and Salv CKO mice after LADO (Fig. 3H) . Moreover, the frequency of cell fusion events was similar in control and Salv CKO mutant Yap ChIP-Seq. n = 3 independent transfection experiments. *P < 0.05; **P < 0.01; ***P < 0.001. (G) Luciferase reporter assay data of Yap enhancers with or without Tead motifs. n = 3 independent transfection experiments. All luciferase constructs were cotransfected with Yap and Tead expression vectors. ***P < 0.001 (Mann-Whitney), n.s., not significant. Error bars are SD. Activity was normalized to that of cells expressing the pGL3 vector.
mouse hearts ( fig. S4 ).We also examined cell size at multiple stages after myocardial infarction and found that Salv CKO mouse cardiomyocytes were smaller than those of controls ( fig. S5 ). We concluded that Salv CKO mouse cardiomyocytes showed increased EdU incorporation for 15 days after myocardial infarction and that, after injury, Salv CKO mouse cardiomyocytes progress through the M phase more efficiently than do cardiomyocytes of sham mouse hearts.
In the border zone (tissue adjacent to the scar) of Salv CKO mouse hearts, nuclearlocalized Yap was increased (Fig. 3, I to M), suggesting that the expression of Yapregulated genes may also be increased in this region in the regenerating heart. To examine this possibility, we isolated RNA from dissected border zones of Salv CKO mouse hearts and control hearts 4 days after inducing myocardial infarction. qRT-PCR analysis revealed that Yap target genes had increased expression in the border zone of Salv CKO mouse hearts as compared to that of controls (Fig. 3N ).
Hippo-deficient cardiomyocytes extend sarcomere-filled protrusions
Our finding that Yap-regulated genes encode proteins that regulate the actin cytoskeleton suggests that Hippo-deficient cardiomyocytes may have different cytoskeletal characteristics than control cardiomyocytes. We examined cardiomyocytes at 4, 7, and 10 days after myocardial infarction in adult control and Salv CKO mouse hearts. No differences in cellular morphology were observed between control and Salv CKO mouse hearts until 7 days after myocardial infarction, when the Salv CKO mouse cardiomyocytes showed more prevalent sarcomere breakdown in the border zone (Fig. 4 , A to G). At 10 days after myocardial infarction, adult Salv CKO mouse cardiomyocytes, but not those from control mice, showed extended protrusions into the scar (Fig. 4 , C, F, and G). Immunofluorescence experiments performed by using anti-talin and antivinculin antibodies that recognize costameres linking the ECM to the actin cytoskeleton through the integrin-vinculin-talin complex (24) revealed that the distribution of both talin and vinculin was markedly expanded in the cardiomyocytes of adult Salv CKO mice at 10 days after myocardial infarction (Fig. 4 , H to O). Similarly, we noted that the distribution of focal adhesion kinase (FAK) and cofilin, both of which have been previously implicated in cell migration, was expanded in Salv CKO mutant cardiomyocytes ( Fig. 4 , P to W) (25, 26) . Protrusions were commonly seen on multiple sections surrounding the infarct in adult Salv CKO mouse cardiomyocytes but not in those of control mice (fig. S6, A to F).
In the apex resection model, a defined region of cardiac apex is removed, allowing for the accurate characterization of renewing cardiomyocytes (5). ; mTmG (Salv CKO) mice, and hearts were collected at 1, 4, 10, and 15 days post-myocardial infarction (dpmi). (A and B) De novo DNA synthesis was detected by measuring EdU incorporation in control (A) and Salv CKO (B) mouse hearts at 10 dpmi. Red arrowhead shows EdU-stained nucleus. Scale bars, 50 mm. DAPI, 4′,6-diamidino-2-phenylindole. (C) Quantification of de novo DNA synthesis in the border zone at 1, 4, 10, and 15 dpmi or in sham mice (n = 3 mice for each genotype and time point). MI, myocardial infarction; CM, cardiomyocytes. *P < 0.05. (D to F) Aurora B kinase immunostaining served as a proxy of cytokinesis in control (D) and Salv CKO (E and F) mouse hearts at 10 dpmi. Arrow shows staining in a noncardiomyocyte cell, and arrowheads show staining in cardiomyocytes. Scale bars, 20 mm. (G and H) Quantification of Aurora B kinase (G) and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) immunostaining (H) (n = 3 mice for each genotype and treatment). **P < 0.01. (I to L) Yap localization in border zone of control (I and J) and Salv CKO mouse hearts (K and L) at 10 dpmi. Arrowheads show nuclear-localized Yap. Scale bars, 50 mm. (M) Quantification of nuclear Yap in border zone cardiomyocytes at 10 dpmi (n = 3 mice for each genotype and treatment). *P < 0.05; remaining column comparisons were nonsignificant. eGFP, enhanced green fluorescent protein; Nuc, nuclear. (N) Gene expression of Yap downstream target genes was quantified with qPCR in border zones from heart tissues after myocardial infarction (n = 3 biological replicates). **P < 0.01; ***P < 0.001. 
In resected
Hippo-deficient cardiomyocytes mobilize into collagen gels
Our ChIP-Seq and immunofluorescence data support the notion that Salv CKO mouse cardiomyocytes display extensive cytoskeletal remodeling with protrusive activity. Because cellular protrusions are characteristic of migrating cells (27) , we determined whether Salv CKO mouse cardiomyocytes could mobilize into a collagen gel. Cardiomyocytes from cardiac explants from Salv CKO mice, but not those from control mice, efficiently migrated into collagen gels (Fig. 5 , A to E). Therefore, our findings suggest that Salv CKO mouse cardiomyocytes extend protrusions that could enable cellular movement into a collagen gel.
We also used the collage invasion assay to test whether the small interfering RNA (siRNA)-mediated knockdown of Salv promotes cell migration into the gel. siRNA knockdown experiments in P19 embryonal carcinoma cells revealed that the siRNAmediated knockdown of Salv resulted in increased cell invasion into the gel that was not due to increased cell proliferation (Fig. 5,  F to L, and fig. S7 ). In addition, the siRNAmediated knockdown of the Yap target genes Fgd4, Pkp4, and Talin2 resulted in decreased cell migration into collagen gels. Furthermore, the simultaneous siRNA-mediated knockdown of both Salv and Talin2 showed that the knockdown of Talin2 suppressed the Salv knockdown phenotype. Moreover, treating P19 cells with verteporfin, a small molecule that disrupts Yap-Tead interaction (28) , blocked the migration of P19 cells into the gel (Fig. 5L) .
The dystrophin glycoprotein complex is required for cardiac regeneration Many Yap target genes encode proteins that link the actin cytoskeleton to the sarcolemma ; mTmG (Salv CKO) mice. Control (A to C) and Salv CKO (D to F) mouse hearts were stained for the cardiomyocyte marker cTnT to visualize morphology of the cardiomyocytes in the border zone at 4, 7, and 10 dpmi (n = 3 mice for each genotype and time point). More images from different hearts of 10-dpmi hearts are shown in fig. S6 , A to F. Arrows show cardiomyocytes with sarcomere disassembly. Arrowheads show cardiomyocyte protrusion. Scale bars, 50 mm. (G) Quantification of protrusions. Cardiomyocytes adjacent to the scar were analyzed for length and number of protrusions at 10 dpmi. One hundred cardiomyocytes from each mouse were analyzed (n = 3 mice per genotype). *P < 0.05. (H to O) Control (H and I) and Salv CKO (J and K) mouse heart sections at 10 dpmi were stained for talin (n = 2 mice per genotype). Arrows show increased talin staining in border zone cardiomyocytes. Scale bars, 25 mm. Control (L and M) and Salv CKO (N and O) mouse heart sections at 10 dpmi were stained for the focal adhesion molecule vinculin. Arrowheads show the rearrangement of vinculin in the protruding front of the cardiomyocytes (n = 3 mice per genotype). Scale bars, 25 mm. (P to W) Control (P and Q) and Salv CKO (R and S) mouse heart sections at 10 dpmi were stained for FAK (n = 2 mice per genotype). Arrows show increased FAK staining in border zone cardiomyocytes. Scale bars, 20 mm. Control (T and U) and Salv CKO (V and W) mouse heart sections at 10 dpmi were stained for cofilin (n = 2 mice per genotype). Arrowheads show increased cofilin staining in border zone cardiomyocytes. Scale bars, 20 mm. and ECM. Sgcd and syntrophin B1 (Sntb1) are both dystrophin glycoprotein complex (DGC) components that connect the actin cytoskeleton to the ECM and transmit force from muscle cells to the ECM (29, 30) . Sgcd is mutated in human patients with limb-girdle muscular dystrophy and is thought to stabilize the plasma membrane in response to mechanical stress (31) . qRT-PCR and Western blot analyses showed that the abundance of Sgcd mRNA and Sgcd protein was increased in Salv CKO mouse hearts when compared with control mouse hearts (Fig. 6, A and B) . After myocardial infarction, Sgcd mRNA expression was increased in both control and Salv CKO mouse hearts. The abundance of Sgcd protein was not further increased after myocardial infarction, suggesting the posttranscriptional regulation of Sgcd (Fig. 6, A and B, and fig. S8A ). Western blot analysis indicated that Sntb1 protein abundance was unchanged between control and Salv CKO mouse hearts ( fig. S8B ). Luciferase assays using a luciferase reporter gene fused to the region of the Sgcd gene containing the Yap/Tead-binding element revealed that Yap and Tead2 transactivated the Sgcd reporter gene but not a Sgcd reporter with a mutated Tead element (Fig. 6C) .
Yap is required for mammalian heart regeneration during the postnatal regenerative period (11) . Therefore, we examined whether the Yap target gene Sgcd and its functional activity in the DGC are also required for cardiac regeneration. As a model for impaired DGC, we used mdx mutant mice that harbor a null dystrophin mutation that disrupts the DGC. Cardiac apexes from mdx and control mice were amputated at P1, when regeneration is possible (5). Whereas control mouse hearts had a robust regenerative capacity, all mdx mouse hearts formed a large scar (Fig. 6, D to F, and fig. S9 ). Furthermore, cardiac function as measured by ejection fraction and fractional shortening was compromised in resected mdx mouse hearts (Fig. 6G) .
The DGC is required for cellular protrusions
We examined the border zone of control and mdx mouse hearts 4 days after resection. No difference was observed in the amount of nuclear-localized Yap between mdx and control mouse hearts, suggesting that DGC function is dispensable for the shuttling of Yap from the nucleus to the cytoplasm during regenerative stages (Fig. 7, A to E). Whereas cardiomyocytes of control mice exhibited extensive cytoskeletal remodeling with protrusion formation, mdx mouse cardiomyocytes failed to remodel their cytoskeleton and extend protrusions (Fig. 7, F to H, and fig. S10, A and B) . Using collagen gel assays to functionally evaluate protrusive activity, we found that explanted myocardial cells from control mice, but not those from mdx mice, moved through a filter into a lower collagen gel (Fig. 7, I to L). We also performed EdU incorporation and Aurora B kinase immunofluorescence assays to determine whether mdx mouse cardiomyocytes had a proliferative defect that was responsible for failed regeneration. We found that EdU incorporation and Aurora B kinase immunoreactivity were equivalent between cardiomyocytes of mdx and control mice ( fig. S10 ). Proliferation was increased equally in both control and mdx mouse hearts after injury, supporting the notion that mdx mice failed to regenerate the heart because of a defect in myocardial protrusive activity rather than because of a proliferative defect ( fig. S10 ). To determine whether dystrophin depletion could suppress the increased migration of Salv knockdown cells, we evaluated the migration of P19 cells with concomitant knockdown of Salv and Dmd. Indeed, knocking down both Dmd and Salv in P19 cells suppressed the increased cell migration observed in Salv knockdown cells (Fig. 7 , M to Q).
DISCUSSION
Mobilization of endogenous cardiomyocyte regenerative capacity may be a viable option to treat heart failure. Hippo pathway loss of function or Yap gain of function promotes cardiomyocyte regeneration after myocardial infarction (8, 11, 12) . Here, we identified direct Yap transcriptional target genes and discovered the importance of cytoskeletal remodeling with cellular protrusions in heart regeneration. Yap target genes directly control cell shape and protrusive activity.
Yap regulates genes encoding proteins that link the ECM to the actin cytoskeleton Cardiomyocytes constantly sense and interpret local microenvironment rigidity (32) . Yap-regulated genes, including Ctnna3, Sgcd, and Tln2, are important for linking the actin cytoskeleton to the ECM. Our data, along with data on the regulation of Yap subcellular localization by matrix rigidity, support the idea that Yap interprets and responds to local ECM mechanical characteristics (10, 33) . Yap-regulated genes are components of two plasmalemmal complexes that link the actin cytoskeleton to the ECM: the DGC and the talin-vinculin-integrin complex (34) . These genes include Sgcd, which encodes a DGC component, and Talin2, which encodes an actin-binding protein that links the actin cytoskeleton to integrins and ECM. Other Yap-regulated genes, such as Ctnna3, a gene that encodes a cadherin-associated protein localized to the intercalated disc, connect the actin cytoskeleton to both the intercalated disc and the ECM and most likely function to sense tension between cardiomyocytes (35).
Linking complexes are critical for cardiac muscle homeostasis. The DGC is disrupted in multiple types of muscular dystrophy with dilated cardiomyopathy (DCM). Mutations in Vinculin also cause DCM in humans (36) . Likewise, loss-of-function mutations in Ctnna3 result in DCM, revealing a critical requirement of this protein in cardiomyocyte homeostasis (35) . Our molecular findings suggesting that the myocardium is linked to the ECM more efficiently in Salv CKO mouse hearts are also supported by the observation that Lats1/2 loss-of-function myocardium can transmit tissue deformations more effectively, as determined by using optical coherence tomography (37) .
Actin cytoskeleton remodeling with cellular protrusion is required for heart regeneration
In the border zone of Salv CKO mouse hearts, we observed changes in cellular phenotypes, including the appearance of sarcomere-filled protrusions surrounding the wound in apex resection and adult myocardial infarction models. Our data also showed that Salv CKO mouse cardiomyocytes can invade a collagen gel. Cardiomyocytes in hearts subjected to apex resection or LADO showed protrusive activity.
Our genomic analyses indicated that Yap regulates genes promoting lamellipodia formation and actin cytoskeleton protrusion. Certain Yap target genes encode proteins that localize to lamellipodia and filopodia, such as Enah, which encodes an Ena/ VASP actin regulator that causes cardiac dysfunction when disrupted in mice (38) . Fgd4, another Yap target gene, is mutated in Charcot-Marie-Tooth type 4H disease. Fgd4 encodes an F-actin binding protein with Rho guanine nucleotide exchange factor activity specific for Cdc42, which is crucial to filopodia and lamellipodia formation and is essential for cytokinesis (39) .
The Yap target gene Mtss1, also named missing in metastasis (MIM), encodes a protein that localizes to adherens junctions where it promotes actin filament assembly. Mtss1 induces the formation of lamellipodial microspikes and membrane ruffles that contribute to protrusions and may be involved in the sensing of fluid shear stress in the kidney (40) . Other findings indicate that Mtss1 is required for neural tube closure (41) . Yap is regulated by polymerized F-actin, which promotes Yap nuclear localization, suggesting a positive feedback loop that maintains nuclear Yap localization and cellular protrusions. Our data indicate that, in Salv CKO mutants, there are more cell protrusions in border zone cardiomyocytes, supporting the hypothesis that active cell movement is required for effective heart regeneration. Further experiments performed in vivo are required to determine if cardiomyocytes move individually or collectively as coherent groups of cells. Approaches such as vital imaging of cultured heart slices will be necessary to directly observe cell migration in Salv CKO hearts.
It is conceivable that collective cell migration in the border zone is initiated by a subpopulation of cardiomyocytes that can migrate while other cardiomyocytes move passively to fill in the tissue defect (42) . Consistent with this hypothesis, we found that cofilin and FAK are highly abundant in Salv CKO border zone cardiomyocytes. Cofilin promotes asymmetric actin polymerization and is found in locomotory and invasive protrusions such as lamellipodia and invadopodia. Likewise, FAK is a component of integrin adhesion complexes and promotes tissue polarity and collective cell migration (25, 26) . In the context of heart regeneration, Fig. 6 . The dystrophic complex is downstream of the Hippo pathway and is required for cardiac regeneration. (A and B) LADO and sham surgery were performed in control and Salv CKO mouse hearts at P8, and heart samples were collected at 4 dpmi. Sgcd mRNA was detected in control and Salv CKO mouse hearts by using qRT-PCR and was normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (n = 3 hearts for all groups) (A). Sgcd protein was detected by using Western blot analysis (n = 3 hearts per genotype and treatment) (B). Cnt, control. Sgcd band intensities were quantified and normalized to those of a-tubulin. ***P < 0.001, remaining column comparisons were nonsignificant. (C) Luciferase (luc) assays were performed with P19 embryonal carcinoma cells. Cells were transfected with either the control luciferase reporter, a reporter containing the Sgcd enhancer, or a reporter containing the Sgcd enhancer but lacking the Tead site. Three independent experiments with technical triplicates were performed. *P < 0.05. (D and E) DGC is required for endogenous cardiac regeneration. Representative images of trichrome-stained heart sections from B10 control (D) and mdx-B10 (E) mice subjected to resection of the cardiac apex. Images of two additional control and mutant apexes are shown in fig. S9 . Scale bars, 500 mm. (F) Quantification of the scar size at 21 days after resection in B10, (n = 11), B6/10 (n = 4), mdx-B10 (n = 7), and mdx-B6/10 (n = 6) mouse hearts.*P < 0.05; ***P < 0.001. (G) Echocardiographic analysis of control sham (n = 3), control apex resection (n = 7), mdx sham (n = 4), and mdx apex resection (n = 7) mouse hearts 21 days after surgery. ***P < 0.001, remaining column comparisons were nonsignificant.
such polarized cell movement may be required for a structurally wellorganized myocardium that has adequate pumping function.
Yap directly regulates genes encoding proteins that promote cell cycle progression and cytokinesis
Our findings indicated that apoptosis is unaffected in Salv CKO mice after myocardial infarction. Similar findings have been reported for Yap gainof-function mice (12) . Our Yap target gene data set indicated that Yap directly regulates multiple genes that enhance progression through multiple cell cycle phases and cytokinesis. Yap directly activated genes (Aurkb and Birc5) that encode cytokinesis factors. Another direct gene target of Yap, Lin9, encodes a MuvB complex component that enhances mitotic gene expression (43) . Considerable crosstalk has been reported between MuvB and Lats2 in senescent cells, which warrants further investigation (44) . Other direct gene targets of Yap identified in our study include Spin1, a cytokinesis-associated gene expressed in cardiomyocytes, and Aspm, which shows increased expression in cardiac hypertrophy. Aspm is required for proper spindle orientation and cytokinesis and promotes Wnt signaling in neurogenesis (45) . Yap target genes identified in our study also include Bub1b and Mad2l, components of the spindle assembly checkpoint that ensure mitotic fidelity. Bub1b gain of function extends life span and inhibits aneuploidy and chromosome instability. In addition, other Yap target genes identified in this study were the cell cycle genes Ccne2 and Cdk6, which play important roles in G 1 progression. Moreover, the genes that encode two inhibitors of cell cycle progression, Cdkn2b and Cdkn3, were identified as Yap targets that likely function in a negative feedback mechanism. In some contexts, Cdkn3 may act to promote proliferation through poorly understood mechanism(s) (46) .
Yap promotes the expression of its target genes that are more highly expressed in the fetal heart: Evidence for dedifferentiation Yap promoted the expression of its target genes in the postnatal heart, revealing a molecular mechanism for reversion to the fetal gene program that occurs after injury but is poorly understood mechanistically. Consistent with our molecular data, border zone cardiomyocytes of Hippo-deficient mouse hearts displayed more sarcomere disassembly than did border zone cardiomyocytes of control mouse hearts, suggesting that Hippo-deficient cardiomyocytes dedifferentiate after injury and acquire an immature phenotype typical of developing cardiomyocytes (47) . Cardiomyocyte dedifferentiation also occurs in zebrafish heart regeneration, implying that there are evolutionarily conserved mechanisms between fish and mammals (48) . The mechanisms for sarcomere disassembly in the context of regeneration are poorly understood.
MATERIALS AND METHODS
Mice
Mouse strains used in this study were as follows: Myh6-Cre 
ChIP-Seq analysis
Immunoprecipitation was performed with an anti-Yap antibody (Novus) in whole-heart lysates to generate libraries that were then sequenced by using an Ion Proton sequencer (Life Technologies). Two biological replicates were performed, and the reproducibility between samples was assessed by using Pearson's correlation coefficient. About 24 million Yap binding reads were evaluated by using a Homer software package.
Microarray and ChIP-Seq analysis
Microarray analysis was performed on a Phalanx Mouse OneArray v2 platform. Two biological replicates, each with three technical replicates, were collected for each genotype. The value distribution of raw intensity from a total of four samples was graphically viewed in box plots. Linear correlation coefficients between biological replicates were measured by using the R software function var.
Differentially expressed genes were detected by using the R Bioconductor package Limma, v3.16.8. Briefly, log transformation was performed on the raw intensity values; a Student's t test was performed to identify differences in mRNA expression level between control and Salv CKO mouse hearts for each probe. Differentially expressed genes were called by using the cutoff P value ≤0.05 and fold change ≥1.5. Activated Yap1 targets were extracted from data set GSE33019 by using the same criteria.
Ion Torrent Proton reads were mapped to the mm9 assembly [National Center for Biotechnology Information (NCBI) Build 37] using Torrent Suite (v2.0.1) aligner Tmap (0.2.3) (Life Technologies). Two biological replicates were performed. Only uniquely mapped reads were kept. A total of 11 million Yap ChIP-Seq reads were generated from replicate 1, and 13 million from replicate 2. The reproducibility between the two runs was measured by using Pearson's correlation coefficient to compare signal intensities in 5-kbp bins across the genome ( fig. S1G ; r = 0.69). ChIPenriched peaks were identified from combined reads with the Homer v4.2 parameter "findPeaks -style factor -o -i input -tagThreshold 15." The peak size was calculated automatically as 162 bp. The cutoffs for calling the peaks were read number enriched over input control values ≥4-fold and a minimum read number of 15, which limited the Poisson P value to less than 1 ×10 −10
. The clonal peaks were filtered out. This process produced 35,412 enriched peaks. The nearest genes associated to the enriched peaks were annotated with the "annotatePeaks" function, and de novo motif discovery was performed with the "findMotifsGenome" function in Homer.
One thousand seven hundred six genes had increased expression in Salv CKO mouse hearts and were overlaid with 10,396 Yap ChIP-Seq binding genes. Overlaid genes were subjected to overrepresented gene ontology analysis by using GO Elite with 5000 permutations. The false discovery rate (FDR) was calculated with the Benjamini-Hochberg correction. Gene ontology terms were plotted by using the z score. Only terms with an FDR <0.10 were reported.
Human heart RNA-Seq data analysis
Human RNA-Seq data were obtained from Gene Expression Omnibus (GEO) and DNA Data Bank of Japan. The sample IDs of fetal hearts were SRR643778 and SRR643779, and of adult hearts, GSM1010964 and ERR030894. The reads were aligned to reference genome hg19 by using TopHat. The splicing junctions were detected by using known annotations. Uniquely mapped reads within exons were counted with HTSeq-count. Differentially expressed genes were detected by using the R package DESeq with a threshold FDR ≤0.1. Gene ontology analysis of 700 genes with increased expression and 419 genes with reduced expression was performed in GO Elite.
Human DHS-Seq data analysis
Mapped human DHS-Seq data were extracted from GEO. We used data for 11 fetal heart samples (GSM530654, GSM530661, GSM665811, GSM665814, GSM665817, GSM665824, GSM665830, GSM665831, GSM774203, GSM817220, and GSM878630, bed file) and 2 adult heart samples (GSM1008559, bam file); tissue-specific motif calling was performed on mouse DNase I digital genomic footprinting data set GSE40869. Peaks enriched in fetal hearts were detected against adult DHS data by using Homer software with the following script: "findPeaks fetal_dhs -style dnase -o auto -i adult_dhs." A total of 73,949 peaks were called. De novo motif enrichment was performed with the Homer function "findMotifsGenome." Hierarchical clustering of enriched motifs in each tissue was computed and visualized on the basis of −log(P value) by using the R package pheatmap.
Mouse heart H3K27Ac ChIP-Seq data analysis
Mouse heart H3K27Ac ChIP-Seq data were available in GEO (GSE52386). BedGraph files were generated from mapped bam files by using the Homer "makeUCSCfile" function and were visualized in the University of California, Santa Cruz (UCSC) genome browser. The total read number of individual samples was normalized to 10 million. P7 H3K27Ac ChIP-Seq data were used to plot genome-wide density profiling within a 6-kb range of Yap binding peaks.
LADO and apex resection
LADO was performed as previously described on P8 or adult (8-to 10-week-old) mice (8) . In experiments using (P8) 1 dpmi mice, tamoxifen (0.5 mg) was injected in Myh6-Cre ; mTmG (Salv CKO) mice 1 day before and 5 min after surgery. For 8-to 10-week-old mice, tamoxifen was injected at 1.5 mg 7 and 6 days before surgery and at 2 mg within 2 hours after surgery. Hearts were collected at 4, 7, and 15 days after LADO, and EdU was injected four times starting at 3 days before collection of the heart.
Resection of the heart apex was performed on P1 mice as previously described (8) by using B6/10 or B10 (control) and mdx (with B6/10 or B10 background) mice. Hearts were collected at either 4 or 21 days after resection. Twenty-one days after resection before collection, echocardiography was performed in resected and sham animals. Echocardiographic measurements were performed in the Mouse Phenotyping Core at Baylor College of Medicine. One-way analysis of variance (ANOVA) with Bonferroni's multiple comparison test was performed for statistical analysis.
After echocardiography, hearts were collected, embedded in paraffin, sectioned (7-mm thickness), and stained by using Masson's trichrome stain. After images were documented, scar size was measured by using ImageJ. Every other three slides were documented, and the sizes of the sections with the largest scars were recorded. The Mann-Whitney U test was performed for statistical analysis.
EdU staining, TUNEL assay, and immunohistochemistry
For the adult mouse study, EdU was injected into mice for four consecutive days starting 3 days before the heart was harvested. For experiments using P8 mice, hearts were collected at 1 day after myocardial infarction, and EdU was injected within 5 min after surgery and 4 hours before the heart was harvested. For experiments using neonatal mice, hearts were collected at 4 days after resection, and EdU was injected 4 hours before tissue collection. Hearts were embedded in paraffin and sectioned at a thickness of 7 mm. EdU staining was performed by using the Click-iT EdU Alexa Fluor 647 imaging kit (Life Technologies). Immunohistochemistry with eGFP or cTnTwas performed to label cardiomyocytes after EdU staining. The TUNEL assay was performed by using the DeadEnd Fluorometric TUNEL assay (Promega). To mark cardiomyocytes, immunohistochemistry with cTnT was performed after TUNEL staining.
Immunohistochemistry was performed by using standard protocols. Antibodies used in this study were as follows: rabbit anti-GFP (1:400 dilution; Abcam), rabbit anti-Aurora B kinase (1:200 dilution; Abcam), mouse anti-GFP (1:500 dilution; Clontech), rabbit anti-red fluorescent protein (1:200 dilution; Clontech), rabbit anti-Yap (1:200 dilution; Novus), mouse anti-cTnT (1:200 dilution; Thermo), rabbit anti-talin (1:200 dilution; Abcam), and mouse anti-vinculin (1:200 dilution; Thermo). Fluorescence images were documented by using a Leica TCS SP5 confocal microscope with Leica LAS AF software. All images presented in the article were prepared by using Adobe Photoshop CS5.1 (Adobe Systems). Border zone cardiomyocytes were defined as cells within 300 mm from the scar.
For the quantification of positive cells, three biological replicates were collected per genotype and time point. For each stain, three images were captured for each biological replicate. Cell counting was performed blindly. A total of 100 to 250 cardiomyocytes were counted in each image for quantification. For the quantification of Aurora B kinase staining, a total of 10 sections were counted per biological replicate. For quantitation of protrusions, 100 cells adjacent to the scar were examined for the number of protrusions (less than 10 mm, 10 to 20 mm, and greater than 20 mm). The Mann-Whitney U test was performed for statistical analysis.
Collagen gel assay with heart tissue
For the study of P10 hearts, Myh6-Cre ; mTmG (Salv CKO) mice were used. Tamoxifen (0.6 mg) was injected twice at P8 and P9, and hearts were dissected at P10. Apexes were cut and placed on collagen gel (Millipore). Tissues were mounted by overlaying with collagen gel and were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% bovine calf serum (BCS) at 37°C. After 5 days, collagen gels were collected and stained with eGFP. Each gel was analyzed for the presence of cardiomyocytes that migrated to the bottom gel. If any cardiomyocytes were found in the bottom gel, it was counted as "migration observed." Fisher's exact test was performed for statistical analysis.
For the study of P1 hearts, B10 (control) and mdx-B10 mice were used. Hearts were harvested at P1, and apexes were collected. Nylon mesh (100 mm) was placed on the collagen gel, and the tissues were placed on top of the mesh. Tissues were mounted by overlaying with collagen gel and were cultured in DMEM with 10% BCS at 37°C. After 5 days, the top gel and nylon mesh were removed, and the bottom collagen gel was stained with cTnT. Quantification was performed as described above.
Luciferase assay and transfection experiments
Each enhancer element was amplified and cloned into the pGL3-promoter plasmid (Promega). The primers used are listed in table S1. The Tead motif for each element was deleted by using the QuikChange XL site-directed mutagenesis kit (Agilent Technologies) for Sgcd or the Gibson assembly kit (NEB) for Aurkb, Ctnna3, Enah, Fmn2, and Lin9. The locations and sequences of Tead motifs are listed in table S1. Plasmids were cotransfected with Yap and Tead expression plasmids (7) into P19 embryonal carcinoma cells. Luciferase activity was analyzed by using the Dual-Glo luciferase assay system (Promega). Three independent transfection experiments were performed in triplicate wells. Mann-Whitney test was used for statistical analysis.
Quantitative RT-PCR
Total RNA was extracted from dissected heart tissues by using the RNeasy Micro Kit (Qiagen), and the concentration was determined by using an Infinite M200 PRO Nanodrop spectrophotometer (Tecan). First-strand complementary DNA (cDNA) synthesis was performed by using the iScript cDNA synthesis kit (Invitrogen) using 1 mg of total RNA input. For qRT-PCR, cDNA (1 ml; 1:10 dilution) was added to SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich). Each sample was analyzed in triplicate and run on a StepOnePlus Real-Time PCR System (Life Technologies). Mean DC t values for each Yap target gene were normalized against those of GAPDH mRNA levels, and corresponding DDC t values were log 2 -transformed to obtain fold change values. The SDs of control and mutant samples were calculated within groups. The nonparametric Mann-Whitney test was performed to determine the statistical significance of the differences between the control and mutant groups for each target gene (P < 0.05 was considered significant). The sequences of the primers used in qPCR experiments are available upon request.
P19 migration assay
To examine the influence of Yap target genes on cell motility, we performed siRNA experiments in P19 embryonal carcinoma cells. siRNA oligos were obtained from Integrated DNA Technologies. The methods used for siRNA knockdown experiments have been described previously (8) . After 24 hours of siRNA treatment, trypsinized cells were suspended in collagen gel mix (Millipore). Nylon mesh (20 mm) was applied to solidified collagen gel spots in four-well plates, and cell/collagen mixes were dispensed to meshes. Plates were incubated at 37°C (5% CO 2 ) for 1 hour, and a-minimum essential medium with 10% fetal bovine serum was subsequently added. After 24 hours of culture, the top gel and nylon mesh were removed, and the bottom gel was immmunostained accordingly. We examined the statistical significance of the differences between groups by using Mann-Whitney U tests. P < 0.05 was considered significant.
Western blotting
Methods for Western blot quantitation were previously described (7). Primary antibodies used were anti-a-tubulin (1:8000 dilution; SigmaAldrich) and anti-Sgcd (1:500 dilution; Santa Cruz Biotechnology). Differences between groups were evaluated for statistical significance by using two-way ANOVA with post hoc Bonferroni correction.
Cell surface area measurements
Immunofluorescence staining for GFP and DAPI was performed as described previously (8) . For visualization of cell membranes, samples were incubated with wheat germ agglutinin Alexa Fluor 647 conjugate (1:200 dilution; Life Technologies) for 30 min at room temperature before blocking and primary antibody application. Cardiomyocyte cell surface area measurements were obtained from multiple transverse sections in series, and averages were obtained by using ImageJ software (http://rsbweb.nih. gov/ij/). For 4 and 10 dpmi hearts, we used Mhc ; Salv f/f (Salv CKO) mice. Differences between groups were examined for statistical significance by using Mann-Whitney U tests. P < 0.05 was considered significant.
4C sequencing and analysis
The 4C templates were generated from P8 Salv CKO mouse hearts (two biological replicates), as previously described (49, 50) . Hind III and Dpn II were used as first and second restriction enzymes, respectively. Promoter sequences from Ctnna3 and Sgcd were used to design viewpoint amplification primers (Ctnna3 Dpn II, 5′-ACTGGCTGTGGAGGTTTTGAATTAC; Hind III, 5′-CCCTCTGTATTGACTTTCTATCCC; Sgcd Dpn II, 5′-GAAACCCTACTCTGCCTCTACTTC; Hind III, 5′-CAGAGGGACT-GGGTGCTTCT). Libraries were amplified from template DNA (100 ng) by using the following PCR protocol: 94°C for 2 min, 30 cycles of 94°C for 15 s, 56°C for 1 min, and 68°C for 1 min. The libraries were then prepared for Ion Proton Sequencer. Ion Proton reads were separated by PCR primers. More than 700,000 reads were generated for each viewpoint library. For extracting unknown contact point sequences, only reads that contained one recognition restriction enzyme site jointed to the PCR primer and, at most, one secondary restriction site were kept. After trimming the primer sequences, unknown sequences with length ≥40 bp were kept for aligning against mouse genome mm9. Significant contact points in the proximal range (500 kb) were detected by using a previously described algorithm (49, 51) and were visualized in the UCSC genome browser. Table S1 . List of primers used to amplify enhancer elements and location of the Tead motif deletion.
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Abstracts
One-sentence summary: Inhibiting the Hippo pathway could promote heart regeneration by encouraging heart cells to move into injured areas.
Editor's Summary: Helping cardiomyocytes fill in a broken heart Activation of the Hippo pathway prevents the overgrowth of organs, such as the heart, by inhibiting the activity of the transcriptional coactivator Yap. This function of the Hippo pathway is important during development, but limits the ability of some organs to regenerate after injury. Morikawa et al. found that Yap target genes not only included cell cycle genes but also genes encoding cytoskeletal remodeling proteins or proteins that link the cytoskeleton to the extracellular matrix. Unlike cultured cardiomyocytes from control mice, those from Hippo signaling-deficient mice migrated through collagen, a key component of the extracellular matrix in the heart. Cardiomyocytes in these mice formed cellular protrusions typical of migrating cells and more readily moved toward scar sites after cardiac injury. Thus, inhibiting the Hippo pathway could help with heart regeneration.
